Objective: Gestational diabetes mellitus (GDM) is often accompanied by low maternal vitamin D, that is, calcitriol (1, 25 [OH] 2 vitamin D3), levels. Here, we tested the hypothesis that the placental vitamin D receptor (VDR) is regulated by calcitriol and altered in GDM with distinct changes in different placental cell types. Specifically, we aimed to localize VDR in human term placentas from normal and GDM pregnancies, to quantify its cellular expression and to study in vitro its regulation by its physiological agonist calcitriol. Study Design: Placental tissue slides of 80 patients (40 with GDM/40 controls) were double stained for VDR and human leukocyte antigen G to identify extravillous trophoblasts (EVTs). Staining intensity was semiquantified. Quantitative real time-polymerase chain reaction and Western blotting measured VDR messenger RNA (mRNA) and protein in decidual tissue. The trophoblast cell line BeWo was used to study in vitro VDR regulation by calcitriol (0.01, 0.1, and 1 nmol/mL). Results: Vitamin D receptor protein and mRNA levels are upregulated (P < .05) in EVT (1.8-fold) as well as in placental endothelium (5.8-fold) of patients with GDM. Expression of VDR is regulated by calcitriol in a bimodal manner: high doses (0.1 and 1 nmol/mL) caused downregulation, whereas the low dose (0.01 nmol/mL) resulted in VDR upregulation. Conclusion: Vitamin D receptor is upregulated in EVT and endothelium of GDM placentas. This could be due to low maternal vitamin D levels in patients with GDM because in vitro low calcitriol doses upregulate VDR in trophoblast cells.
Introduction
Vitamin D through its vitamin D receptor (VDR) is classically known to regulate bone metabolism and mineral homeostasis. Beyond its classical targets such as bone, gut, and kidney, VDRs are found in other tissues such as the immune system, pancreatic B cells, and the placenta, that is, trophoblasts. In these target tissues, nonclassical actions of the vitamin D endocrine system include control of cellular proliferation and differentiation, regulation of hormone secretion, and modulation of immune responses. 1, 2 Low maternal vitamin D concentrations are associated with insulin resistance in pregnancy 3 and increase the risk of gestational diabetes mellitus (GDM). 4 The underlying causal factors for this association have not yet been identified.
Gestational diabetes mellitus is defined as glucose intolerance, with its onset or first recognition during pregnancy, affecting 3% to 8% of all pregnancies. 5 It is clinically diagnosed later in pregnancy when women fail to maintain normoglycemia, because of a pronounced peripheral resistance to insulin. 6 The VDR belongs to the family of nuclear steroid hormone receptors. Vitamin D receptor binds its major ligand 1,25(OH) 2 vitamin D3 (calcitriol) and recruits another receptor of this group, for example, retinoid X receptor a to form a heterodimer. This complex can further interact with the VDR response elements of targeted genes. Vitamin D receptor in its classical function-like in kidney and bone-is homologous upregulated by vitamin D. This regulation is absent in reproductive organs and other tissues, which are not involved in calcium homeostasis. 7 Especially in trophoblasts, VDR regulation by vitamin D has not yet been demonstrated. A recent study did not find significant changes in VDR expression in the human placenta in GDM compared to control pregnancies. 8 This study focussed on the villous trophoblast as the first placental target for vitamin D in the maternal circulation. However, the placenta is a multicellular tissue and it cannot be ruled out that other placental cells can be affected by GDM. Possible expression changes in the extravillous trophoblast (EVT) of GDM placentas are still unknown, a recent study of our group could identify a change in other nuclear receptors in GDM EVT. 9 Vitamin D promotes immune responses in the maternal decidua and fetal trophoblasts. [10] [11] [12] As EVT is the site of implantation and immune modulation 13 and GDM alters human placental macro-and microvascular reactivity as a result of endothelial dysfunction, [14] [15] [16] we focussed on specific changes in these 2 sites of the diabetic fetomaternal interface.
Therefore, we hypothesized that GDM is associated with a change in VDR expression in placental endothelial cells and the EVT, 2 other important placental compartments. To this end, we investigated the expression pattern and the regulation of the nuclear receptor VDR in normal and diabetic placentas with a particular focus on these compartments.
Materials and Methods
The study was approved by the ethics committee of the Ludwig-Maximilian-University (LMU) Munich, Germany, and written informed consent was obtained from the patients. Placental tissues were obtained from 80 women. All women underwent an oral glucose tolerance test 17 at weeks 24 to 28 of gestation. According to the criteria of the German Diabetes Society (capillary whole blood; fasting glucose >90 mg/dL, 1 hour >180 mg/dL, and 2 hours > 155 mg/dL; GDM was defined with 2 values above this limits), 40 women were diagnosed with GDM. Immediately after delivery, the samples were taken from the central part of the placenta. In addition, a cotyledon structure showing signs of sufficient blood supply was chosen. Calcified, necrotic, and visually ischemic areas were excluded from collection. Pieces (2 Â 2 Â 2 cm 3 ) were dissected, containing decidua, extravillous, and villous trophoblasts as well as amniotic epithelial cells. Each sample was further separated in decidual and villous tissue, frozen separately, and stored at -80 C. A second set of placental tissue was fixed in 4% buffered formalin for 24 hours and thereafter embedded in paraffin. The patients were monitored at least once a week at the Diabetes Center of the Department of Internal Medicine LMU Munich. All patients in the GDM group were treated with insulin and showed a mean hemoglobin A1c of 5.8%. An expert in diabetes therapy monitored the blood glucose protocols once a week. A total of 75% of the patients had been under good glucose control according to their mean blood glucose. Demographic and clinical data of the study population are summarized in Table 1 . Perinatal and clinical data of the study group were published recently. 9 
Double Immunofluorescence Staining
Vitamin D receptor-expressing cells in the decidua of placental tissue were characterized by examining cryosections (thickness: 8 mm). Slides were fixed with acetone and blocked by Ultra V Block (Lab Vision, Fremont, California). The slides were incubated overnight at 4 C with primary antibodies against VDR and human leukocyte antigen G (HLA-G) as a marker for EVT cells; goat-antirabbit Cy 3 secondary antibody, which will appear red, was used for the VDR and goat-antimouse Cy 2 secondary antibody, which will appear green, for HLA-G. Finally, the slides were embedded in mounting buffer containing 4 0 ,6-diamino-2-phenylindole and examined with a Zeiss Axiophot photomicroscope (Jena, Germany).
Immunohistochemistry
The sections with a thickness of 2 to 3 mm were deparaffinized, the antigen was unmasked by cooking in a pressure cooker with citrate buffer (pH ¼ 6.0), and the sections were blocked with human AB serum. Slides were incubated with the primary VDR antibody for 16 hours at 4 C. The Vectastain Elite Mouse immunoglobulin G (IgG) ABC-Kit (Vector Laboratories, Burlingame) was used for visualization. The sections were stained with VIP Substrate Kit (Vector Laboratories) and counterstained by using methyl green (Vector Laboratories). Sections were dehydrated and coverslipped with Shandon Consul Mount Medium (Thermo Fisher Scientific, Waltham, Massachusetts). For the negative control, the primary antibody was replaced by species-specific isotype control antibody. The signal was quantified using the semiquantitative immunoreactive score (IRS) 18 analyzed by 2 examiners until consensus was reached. The IRS was calculated by multiplying optical staining intensity (graded as 0 ¼ none, 1 ¼ weak, 2 ¼ moderate, and 3 ¼ strong staining) and the percentage of stained cells (0 ¼ no staining, 1 ¼ 10% of the cells, 2 ¼ 11%-50% of the cells, 3 ¼ 51%-80% of the cells, and 4 ¼ !81% of the cells).
Western Blot Analysis
A total of 1 mL lysis buffer containing protease inhibitor cocktail (Sigma-Aldrich, St Louis, Missouri) and radioimmunoprecipitation assay buffer (Sigma-Aldrich), in a dilution 1:100, was added to the decidual placental tissue, and then the tissue was homogenized using a Sonifier ultrasonic cell disrupter (Branson Ultrasonics S.A., Geneve, Switzerland). The tissue homogenates were centrifuged at 1000 rpm for 5 minutes, and the protein concentration in the supernatant was determined via Bradford assay as described recently. 19 A protein amount of 2 mg of b-actin and 20 mg of VDR was used for Western blotting. The lysate proteins were first separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, Massachusetts). Between each step, the membrane was washed in casein solution from the Vectastain ABC-AmP mouse-IgG-Kit for Western blot detection (Vector Laboratories). The membrane was blocked in casein solution for 1 hour and then incubated with the primary antibodies, the antihuman VDR rabbit polyclonal antibody (Abcam), diluted 1:400 in casein, and the b-actin mouse monoclonal antibody (Sigma), diluted 1:1000 in casein, for 16 hour at 4 C. Afterward, the membrane was incubated with the biotinylated antirabbit IgG/antimouse IgG secondary antibody for 45 minutes and the ABC reagent for 20 minutes, both from the Vectastain ABC-AmP rabbit/mouse IgG-Kit (Vector Laboratories). The blots were developed with the 5-bromo-4-chloro-3'-indolyphosphate/nitro-blue tetrazolium (BCIP/NBT)-chromogen substrate solution. Western blots were detected with the Bio-Rad Universal Hood II (Bio-Rad Laboratories, Hercules, California) and quantified using the Bio-Rad Quantity One Software (Bio-Rad Laboratories). The blot was repeated 3 times.
RNA Isolation, Processing, and Real-Time Polymerase Chain Reaction
Total RNA was extracted from the decidual tissue using the Rneasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Quantification and evaluation of the purity of the isolated RNA were carried out with a NanoPhotometer (Implen, Munich, Germany). A ratio of absorbance at 260/280 nm *2.0 was accepted as pure. The reverse transcription was performed with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Weiterstadt, Germany) according to the protocol of the manufacturer in a mastercycler gradient (Eppendorf, Hamburg, Germany) for 10 minutes at 25 C, 2 hours at 37 C, 5 seconds at 85 C, and at 4 C on hold. The real-time polymerase chain reactions (PCRs) were accomplished in optical 96-well reaction microtiter plates covered with optical caps in a volume of 20 mL, containing 1 mL TaqMan Gene Expression Assay 20 Â (Hs01045840_m1 for VDR; Applied Biosystems), 10 mL TaqMan Univeral PCR Master Mix 2 Â (Applied Biosystems
Cell Culture and Cell Stimulation
As a trophoblast model, the chorioncarcinoma cell line BeWo was obtained from the European Collection of cell cultures (Salisbury, United Kingdom, passage numbers 22 and 23, polyclonal). Cells were cultured in Dulbecco modified eagle medium (DMEM; Biochrom, Germany, 3.7 g/L NaHCO 3 , 4.5 g/L D-glucose, 1.028 g/L stable glutamine, and Na-pyruvate) supplemented with 10% heat-inactivated fetal calf serum (FCS) without antibiotics and antimycotics. The BeWo cells were grown on sterile 12 multiwell slides at a density of 1 million cells/mL DMEM. For the stimulation with human calcitriol, the cells were cultured with DMEM containing 10% FCS for 4 hours and with fresh DMEM without FCS for the remaining hours. After 24 hours, cells were stimulated with 0.01, 0.1, or 1 nmol/mL human calcitriol (Sigma-Aldrich) for 4 hours for messenger RNA (mRNA) quantification by PCR and for 48 hours for immunocytochemical analysis, respectively. Control cells were incubated without stimulants. For quantification of total RNA, the NucleoSpin RNAII Kit (Macherey-Nagel, Düren, Germany) was used according to the manufacturer's protocol. For each dose of calcitriol, 3 independent experiments were performed.
Immunocytochemistry
First, the slides were fixed in ice-cooled methanol for 20 minutes. Afterward, the cells were permeabilized by 0.2% NP40 (Sigma-Aldrich) for 10 minutes. Between each step, the slides were washed with PBS (Biochrom). After blocking with power block (diluted 1:10 in aqua dest) for 3 minutes, the slides were incubated with the VDR antibody, diluted 1:1000 in PBS, for 16 hours at 4 C. The Vectastain Elite Mouse IgG ABC-Kit (Vector Laboratories, Burlingame) was used for visualization. Finally, the slides were stained with 3-amino-9-ethylcarbazole plus (AEC plus; Dako, Glostrup, Denmark) for 10 minutes, counterstained with hemalaun for 30 seconds, washed in tap water, and coverslipped.
Immunocytochemistry evaluation was performed by the intensity of positively stained cells. The examination was semiquantitative, including the possibilities of no staining (negative), weak (singular), moderate (2-fold), and strong (3-fold) staining intensity and expressed as percentage (%). Only cells with intensity þ2 or þ3 were included for further analysis.
Statistical Analysis
Statistical analysis was performed using the nonparametrical Mann-Whitney U signed rank tests and the t test for comparison of the means. Univariate and multivariate linear regression models were used to analyze the associations of clinical outcome data with IRS. The models were adjusted for potential (maternal age, parity, and umbilical artery pH) and known (body mass index [BMI], fetal gender, and gestational age) confounders. 20 Statistical significance was assumed at P values <.05.
Results

Localization of Placental VDR Expression
Vitamin D receptor was localized in the nucleus of EVT, the villous syncytiotrophoblast (SCT), and endothelium in placentas from both GDM and non-GDM pregnancies. Double staining using antibodies against HLA-G, a specific marker for most EVTs, and VDR, the EVT cells were identified as VDRexpressing cells in the decidua of placental tissue (Figure 1 ).
Expression of VDR is Upregulated in GDM Trophoblasts and Villous Endothelium
The VDR expression in GDM placentas was modestly upregulated in the SCT (IRS 7 vs 3, P < .05) and more profoundly in the EVT (IRS 8 vs 2, P ¼ .001). In addition, we identified a strong upregulation of VDR also in the villous endothelial capillaries in GDM (IRS 8 vs 1, P ¼ .001) as compared to normal pregnancies (Figure 2) .
To confirm the immunohistochemistry results, we performed Western blotting for VDR in decidual tissue containing EVT in patients with GDM and normal controls (Figure 3) . 21 Decidua from patients with GDM showed stronger VDR levels than decidua from normal controls (1.7-fold, P ¼ .001). Vitamin D receptor protein levels were normalized to b-actin.
Vitamin D Receptor Expression
The mRNA expression of VDR was increased 2.3-fold in the decidual tissue containing EVT in patients with GDM as compared to control participants (P ¼ .0001; Figure 3 ). As our study groups differed in BMI and birth weight (see Table 1 ), we analyzed the statistical associations of these potential confounders with VDR expression. Birth weight, but not BMI, was associated with VDR. However, the GDM effect on VDR staining intensity was still significant for EVT (1.8-fold, P ¼ .01) and fetal endothelium (5.8-fold, P ¼ .0001) after adjusting for birth weight.
The linear regression analyses showed a significant positive association of birth weight with VDR staining in EVT and fetal endothelium but not with SCT. These associations disappeared after adjusting for confounders for birth weight. 20 Therefore, the confounder analysis demonstrated no correlation of birth weight and VDR expression.
Vitamin D Receptor Expression in BeWo Cells
Human calcitriol showed a bimodal dose-dependent effect on VDR protein and mRNA levels determined by immunocytochemistry and quantitative PCR. Concentrations of 0.1 and 1 nmol/mL induced a significant (P ¼ .008, 100% of moderately and strongly stained cells vs 10%; P ¼ .009, 90% of moderately and strongly stained cells vs 40%, respectively) reduction in VDR protein. In contrast, stimulation with 0.01 nmol/mL calcitriol induced a significant (P ¼ .007) increase in VDR protein levels (0% of moderately and strongly stained cells vs 90%; Figure 4) .
These results were also confirmed on mRNA level: stimulation of BeWo cells with 0.1 and 1 nmol/mL human calcitriol (A and B) , in the EVT (D and E), and in the endothelium (G and H) GDM and control placentas, respectively. Pictured were taken at a magnification of 10Â and 25Â. The quantification of VDR expression analysis in GDM and control placentas for SCT (C), EVT (F), and endothelium (I) is shown in the boxplots. The boxes represent the range between the 25th and 75th percentiles with a horizontal line at the median. The bars delineate the 5th and the 95th percentiles. The circle indicates values more than 1.5 box lengths from the 75th percentile. Numbers at circle indicate sample number. The VDR expression was significantly higher in GDM placentas (SCT: P ¼ .045, EVT: P < .001, and endothelium: P ¼ .001). EVT indicates extravillous trophoblast; GDM, gestational diabetes mellitus; SCT, syncytiotrophoblast; VDR, vitamin D receptor.
significantly (P ¼ .035, P < .0001) reduced VDR-mRNA expression by 70% and 50%, respectively. In contrast, 0.01 nmol/mL human calcitriol induced a significant (P ¼ .07) increase in VDR-mRNA expression by 100% (Figure 4) .
Discussion
To the best of our knowledge, this is the first study showing increased levels of VDR in EVTs and fetoplacental endothelium associated with maternal GDM. Our results are in contrast to an earlier study, which failed to find significant changes in VDR expression in villous placental tissue of patients with GDM. However, the study of Cho et al 8 did not analyze decidual tissue, EVT, or the placental endothelium. Therefore, we focused here on these compartments. Furthermore, our study included more patients with GDM (40 GDM placentas), which may have enabled us to identify even a modest VDR upregulation in the villous trophoblast in addition to the strong upregulation of VDR in villous endothelium of GDM placentas. Surprisingly, the VDR was stronger upregulated in GDM in the extravillous than in villous trophoblasts. This finding by semiquantitative immunohistochemistry was also confirmed at the protein and mRNA level. Extravillous trophoblast represents the site of trophoblast invasion. Therefore, we performed in vitro experiments with the trophoblast tumor cell line BeWo-a model for invasive trophoblasts. 22, 23 These experiments revealed that high doses (0.1 and 1 nmol/mL) of the natural VDR ligand calcitriol decreased, whereas a low dose (0.01 nmol/mL) increased VDR mRNA expression.
Although there is no consensus on optimal levels of vitamin D in humans, vitamin D deficiency is mostly defined as a 25(OH) vitamin D3 level of less than 20 ng/mL. 24 Vitamin D serum levels range between 82 and 110 pg/mL, which corresponds to 0.2 and 2.6 nmol/L. 25 The placenta produces calcitriol with tissue concentrations above serum levels. 26 Therefore, we decided to use these higher concentrations for our experiments. Interestingly, calcitriol in different concentrations resulted in opposing effects with VDR down-and upregulation, respectively. Although we had no information about sun exposition or dietary cholecalciferol intake, multiple studies have shown that maternal serum vitamin D concentrations are lower in patients with GDM than in non-GDM controls. 3, 27 Because vitamin D deficiency is a known risk factor for glucose intolerance 28 and vitamin D levels are reduced in diabetic pregnancies, 3 low maternal vitamin D levels are one possible reason for enhanced VDR expression.
Vitamin D protects endothelial tissue against renovascular dysfunction.
29 Thus, upregulation of VDR found in the fetoplacental endothelium could be a sign of vitamin D deficiency even in the fetal circulation in GDM: cord blood vitamin D concentration in GDM pregnancies has not yet been published, but maternal vitamin D concentration usually correlates with infant cord serum 30 and was reported to be lower in type 1 diabetic pregnancies. 31 In addition, an involvement of vitamin D and endothelial dysfunctions seems likely as vitamin D induces NO production in endothelial cells, 32 and endothelial dysfunction in GDM is accompanied by increased NO production. 33 The question, whether the fetus is also affected by these changes found in the fetoplacental endothelium, thus remains. Quantification of VDR protein and mRNA in EVT from normal and GDM placentas. A, Western blotting for VDR in decidual tissue containing EVT in patients with GDM and normal controls generated a major band in the molecular mass range of 48 kDa. The GDM decidua showed a stronger staining intensity for VDR than the normal controls (1.73-fold, P < .001). B, Quantitative real-time polymerase chain reaction (RT-PCR) showed a significant upregulation of VDR mRNA expression in GDM-positive EVT compared to normal controls (2.25-fold, P < .001). EVT indicates extravillous trophoblast; GDM, gestational diabetes mellitus; mRNA, messenger RNA; VDR, vitamin D receptor. Figure 4 . Regulation of VDR expression by calcitriol. A, Immunocytochemical analysis revealed that concentrations of 0.1 and 1 nmol/mL human calcitriol reduced (P ¼ .008 and P ¼ .009), whereas stimulation with 0.01 nmol/mL calcitriol increased VDR protein levels (P ¼ .007). Images were taken at a magnification of 20Â. The boxes represent the range between the 25th and 75th percentiles with a horizontal line at the median. The bars delineate the 5th and the 95th percentiles. B, Quantitative real-time polymerase chain reaction (RT-PCR) showed a downregulation of VDR mRNA expression after incubation with 0.1 nmol/mL (0.5-fold, P ¼ .035) and 1 nmol/mL (0.7-fold, P < .0001) human calcitriol for 2 hours. Stimulation with 0.01 nmol/mL human calcitriol for 2 hours increased (P ¼ .007) VDR mRNA expression (2.04-fold, P ¼ .007). mRNA indicates messenger RNA; VDR, vitamin D receptor.
Above all, we could confirm the hypothesis that enhanced VDR expression is a result of low vitamin D levels by cell stimulation experiments. As the regulation of VDR expression in its nonclassical function is tissue specific 7 and no data are available for trophoblasts, this is the first report demonstrating downregulation of VDR in trophoblast cells by physiological concentrations of its natural ligand calcitriol. For our in vitro experiments, we utilized the choriocarcinoma cell line BeWo, which shows the characteristics of invasive trophoblasts. 22, 23, 34, 35 An important finding is the identification of EVTs as VDR expressing cells in the decidua of the fetal-maternal interface. These EVTs showed the strongest VDR upregulation of all placental compartments studied in GDM. Extravillous trophoblasts invade the maternal uterus and form the maternofetal interface. In this way, EVTs prevent allo-recognition and killing of fetal cells by maternal natural killer cells, cytotoxic T cells, and macrophages. 36 Increasing evidence suggests that GDM is a proinflammatory state similarly to preexisting diabetes. 37 Recent studies demonstrate that vitamin D promotes immune responses in maternal decidua and fetal trophoblasts [10] [11] [12] and regulates placental inflammation.
11 Therefore, we speculate that VDR upregulation might be a compensatory mechanism to low vitamin D levels. Vitamin D receptor on trophoblasts controls cellular proliferation and differentiation. 38 Such actions of VDR are likely to be changed under conditions of low maternal calcitriol status like GDM.
Collectively, our data demonstrate upregulation of the VDR system in trophoblasts and endothelium of pregnancies affected by GDM. Confounder analysis showed that this effect is not due to fetal birth weight or BMI of the mother.
